applying the same reasoning to inter-annual time scales, as minus the linear regression coefficient 147 between de-trended freeze-up and ice retreat dates. Such definition warrants comparable 148 interpretation for " $ regional differences as to where trends are significant, we base our analysis on individual models, in 187 particular IPSL-CM5A-LR. 188
Based on observations (Fig. 4) freeze-up dates found in observations (Stammerjohn et al., 2012; Stroeve et al., 2016) . More 194 generally, we find a robust link between earlier retreat and later freeze-up in all cases: both " $ ⁄ 's are 195 virtually always positive for short and long-term computations, from observations (Fig. 4, 5) and 196 models (Fig. S3, S4 ), over the three analysed periods (1980-2015 for observations and models, 2015-197 2050 and 2050-2085 for models only). This finding expands previous findings from satellite 198 observations using de-trended time series (Stammerjohn et al., 2012; Serreze et al, 2016; Stern and 199 Laidre, 2016) , in particular the clear linear correlation found between de-trended ice retreat and 200 freeze-up dates (Stroeve et al., 2016) . Following these authors, we attribute the strong earlier retreat 201 / later freeze-up relationship as a manifestation of the ice-albedo feedback: earlier ice retreat leads to 202 an extra absorption of heat by the upper ocean. This heat must be released back to the atmosphere 203 before the ice can start freezing again, leading to later freeze-up. This explanation is also supported 204 by satellite SST analysis in the ice-free season (Steele et al., 2008; Steele and Dickinson, 2016 (Table 1) . 220
To further understand these contrasting trends between ice retreat and freeze-up dates, we 221 2015-2050 and 2050-2085 . We find that, in the course of the 21 st century, trends 222 in retreat and freeze-up date become significant over increasingly wide regions. The overall " $ ⁄ &'() 223 value increases, as illustrated in Fig. 4 for the IPSL-CM5A-LR model. This behaviour is found 224 independent of the considered model (Fig. S3) . 225
This finding expands the recent analyses of the CESM Large-Ensemble project (Barnhart et al., 226 2016) ; and of Alaskan Arctic sea ice in CMIP5 models, finding faster ice coverage decrease in fall 227 than in spring (Wang and Overland, 2015) . Both studies propose that the extra heat uptake in the 228 surface ocean due to an increased open water season as a potential explanation. As we suggested 229
The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-69 Manuscript under review for journal The Cryosphere The link between ice retreat and freeze-up dates is in direct relation with the upper ocean energy 241 budget and the evolution of SST, in a way that goes beyond the classical ice-albedo feedback 242 explanation. After ice retreat, the SST rapidly increases due to solar absorption into the mixed layer 243 and then decreases much slower until freezing, due to non-solar ocean-to-atmosphere fluxes (Fig.  244 6a), an evolution that is similar to a recent satellite-based analysis (Steele and Dickinson, 2016) . 
5a
) and from CMIP5 model simulations, for all periods and models considered (Fig. 5b-d, S4 ). This 279 suggests that the freeze-up amplification mechanism is not dominant at inter-annual time scales. 280
Indeed, based on inter-annual satellite time series, the standard deviation of ice retreat (STD=21. 
Conclusions 290
The present analysis, focused on contemporary and future changes in sea ice seasonality, based 291 on satellite retrievals and Earth System Model simulations of ice coverage, raised the following key 292 findings:
in terms of amplitude and phase (Dwyer et al., 2012) , in relation with the surface energy fluxes and 315 the presence of sea ice (Dwyer et al., 2012; Donohoe and Battisti, 2013) . 316
As the Arctic sea ice seasonality is a basic trait of the Arctic Ocean, a shift of the Arctic sea 317 ice-free season would also have direct ecosystem and socio-economic impacts. The length of themammals, such as walruses (Laidre et al., 2015) and polar bears (Stern and Laidre, 2016) , who use 321 sea ice as a living platform. The shift in the sea ice seasonal cycle will progressively break the close 322 association between the ice-free season and the seasonal photoperiod in Arctic waters, a relation that 323 is fundamental to photosynthetic marine organisms existing in present climate (Arrigo and van 324 Dijken, 2011) . Indeed, because the freeze-up date is projected to overtake the onset of polar night 325 (Fig. 1) The model is run until there is no ice left, which takes 324 years. 364
The following three diagnostics are used to describe the ice-ocean seasonality (see Fig. 1 
): 365
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• $ (ice retreat date): the first day with C > " = −1.8 ∘ ; 366
• " (ice freeze-up date): the last day with C > " = −1.8 ∘ ; 367 0) is the average net heat flux over [ ;:l , " ]. Referring $ and " with respect to ;:l : 379 
381 and defining the ice-free ocean energetic ratio as o ≡ 2 / 4 ,Eq. (4) simplifies into: 382
383
In other words, the time difference between freeze-up date and upper ocean temperature maximum 384 is o times the difference between the dates of maximum water temperature and ice retreat. In 385 practice, 2 is always higher than 4 , hence o is always >1, i.e., the heat enters into the upper 386
The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-69 Manuscript under review for journal The Cryosphere Discussion started: 2 May 2018 c Author(s) 2018. CC BY 4.0 License. ocean faster than it escapes, C increases faster than it decreases and " n > $ n . Note that the relation 387 (7) is not valid in reality because of ice dynamics and other three-dimensional processes. 388 
397 which is an exact solution (see Fig. A1 ). A good approximation to this can be found by assuming 398 that years 1 and 2 are not too far in time, U ≈ h and Δ ;:l ≈ 0, hence the last two terms drop 399 and the shift in freeze-up date further simplifies into: 400
The shift in freeze-up date is thus nearly equal to the shift in ice retreat date multiplied by the 402 
